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Math5, a mouse homolog of the Drosophila proneural bHLH transcription factor Atonal, is essential in the developing retina to establish
retinal progenitor cell competence for a ganglion cell fate. Elucidating the mechanisms by which Math5 influences progenitor cell
competence is crucial for understanding how specification of neuronal cell fate occurs in the retina and it requires knowledge of the
downstream target genes that depend on Math5 for their expression. To date, only a handful of genes downstream of Math5 have been
identified. To better define the gene network operating downstream of Math5, we used custom-designed microarrays to examine the changes
in embryonic retinal gene expression caused by deletion of math5. We identified 270 Math5-dependent genes, including those that were
expressed specifically either in progenitor cells or differentiated ganglion cells. The ganglion cell-specific genes included both Brn3b-
dependent and Brn3b-independent genes, indicating that Math5 regulates distinct branches of the gene network responsible for retinal
ganglion cell differentiation. In math5-null progenitor cells, there was an up-regulation of the proneural genes math3, neuroD, and ngn2,
indicating that Math5 suppresses the production of other cell types in addition to promoting retinal ganglion cell formation. The promoter
regions of many Math5-dependent genes contained binding sites for REST/NRSF, suggesting that release from general repression in retinal
progenitor cells is required for ganglion cell-specific gene activation. The identification of multiple roles for Math5 provides new insights
into the gene network that defines progenitor cell competence in the embryonic retina.
D 2005 Elsevier Inc. All rights reserved.
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During neurogenesis, neuronal progenitor cells acquire
the competence to commit to specific cell fates, largely
through the action of proneural basic helix-loop-helix
(bHLH) transcription factors (Bertrand et al., 2002; Hassan0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: whklein@mdanderson.org (W.H. Klein).and Bellen, 2000; Hatakeyama and Kageyama, 2004). In
the vertebrate central nervous system, the mechanisms that
lead to progenitor cell competence are complex and still
poorly understood, despite their fundamental importance
for neurological development (Livesey and Cepko, 2001;
Pearson and Doe, 2004). The mouse neural retina is an
attractive model for exploring developmental competence
in the central nervous system (Livesey and Cepko, 2001;
Marquardt and Gruss, 2002; Pearson and Doe, 2004),
largely because retinal progenitor cells are experimentally
accessible and readily defined by their anatomic and
molecular properties. Continuously dividing pluripotent280 (2005) 467–481
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according to a highly organized temporal and spatial
program that relies on sequential changes in progenitor
cell competence. A number of important intrinsic and
extrinsic regulators of retinal development have been
identified, and targeted gene knockouts have contributed
valuable new tools and insights into histogenesis in the
retina (Hatakeyama and Kageyama, 2004; Marquardt and
Gruss, 2002; Mu and Klein, 2004).
The earliest cells to differentiate during retinal develo-
pment are retinal ganglion cells (RGCs) (Young, 1985). A
hierarchical gene regulatory network drives RGC specifi-
cation and differentiation, with math5, a mouse homolog of
the Drosophila proneural gene atonal, occupying a key
position in the hierarchy (Mu and Klein, 2004). Early in
mouse retinogenesis, a subpopulation of progenitor cells
exits the cell cycle and becomes competent for advancing to
a RGC fate by expressing math5 (Brown et al., 1998; Yang
et al., 2003). Competence also requires pax6, a pair-rule
homeodomain-containing gene essential for the formation
of all but one of the seven retinal cell types (Marquardt et
al., 2001). Pax6, which is genetically upstream of math5, is
expressed in a larger number of progenitor cells and is
thought to have a broader role in retinogenesis than math5
(Marquardt and Gruss, 2002). Math5 promotes the pro-
duction of RGCs when overexpressed in the chick or frog
(Brown et al., 1998; Liu et al., 2001), and mutations in
math5 in the mouse, or the math5 ortholog, ath5 in
zebrafish, lead to severely deficient RGC development and
overproduction of amacrine and cone photoreceptor cells
(Brown et al., 2001; Kay et al., 2001; Wang et al., 2001).
However, math5 is probably not a direct specifier of RGC
fate; progenitor cells expressing math5 are competent for
RGC formation, but not all math5-expressing cells form
RGCs, suggesting that additional factors or mechanisms are
involved in the commitment, or specification, step (Yang
et al., 2003).
Although crucial information has been obtained on the
importance of Math5 in RGC development, its role as a
transcription factor controlling the expression of retinal
genes remains ill defined. Two broad classes of genes are
predicted to fall under the transcriptional control of Math5.
One class contains genes essential for establishing a
subpopulation of progenitor cells from which differentiated
RGCs emerge. A second class encompasses the immediate
downstream genes that activate the gene regulatory network
responsible for the specification and differentiation of
RGCs. This latter class is known to include brn3b/Pou4f2,
a gene encoding a class IV POU-domain transcription factor
that is required for normal RGC differentiation, axon
outgrowth and pathfinding, and survival (Erkman et al.,
2000; Gan et al., 1999; Wang et al., 2000, 2002a; Xiang,
1998). Notably, Math5 is required for brn3b to be activated
in newly arising RGCs (Brown et al., 2001; Wang et al.,
2001), and it may regulate the expression of brn3b directly
(Hutcheson and Vetter, 2001).Using custom-designed microarrays containing 18,816
cDNAs expressed by retinas on embryonic day 14.5
(E14.5), we recently identified genes whose expression
was altered by the absence of brn3b (Mu et al., 2004).
Brn3b-dependent genes fell mainly into three categories;
genes encoding proteins associated with neuronal integrity
and function, transcription factors, and secreted signaling
molecules (Mu et al., 2004). Although Brn3b clearly has a
crucial role in RGC differentiation, RGCs still form in its
absence, albeit they are abnormal and most undergo
apoptotic death by E18.5. Moreover, the expression of
many RGC genes is not affected by the absence of Brn3b
(Mu et al., 2004), indicating that parallel regulatory path-
ways independent of Brn3b contribute to RGC differ-
entiation. Along with the Brn3b pathway, these other
pathways are likely to represent different branches of a
complex gene regulatory network controlled ultimately by
Math5.
Here we describe our continuing efforts to elucidate the
gene regulatory network responsible for RGC specification
and differentiation. The purpose of our study was to identify
key regulatory genes that are expressed downstream from
Math5 and to position these genes into the regulatory
networks that control retinal progenitor cell competence,
commitment, and differentiation. We used the aforemen-
tioned retinal microarrays to examine changes in gene
expression in the developing retina that resulted from the
deletion of math5, and we compared these changes with
those found in the developing retinas of brn3b-mutant mice.
We identified Math5-dependent genes that are integrally
involved in establishing the competence of retinal progenitor
cells, as well as Brn3b-dependent and Brn3b-independent
genes that are part of the gene regulatory network for RGC
differentiation.Materials and methods
RNA isolation and aRNA amplification from wild-type and
math5-null mice
The generation and characterization of math5-null mice
were described previously (Wang et al., 2001). In all
experiments using mice, the U.S. Public Health Service
Policy on Humane Care and Use of Laboratory Animals
was followed. Wild-type and math5-null mice were
maintained in a mixed BL6/129 background. Because
math5-null mice are fertile, wild-type or math5-null
embryos of different stages (E13.5, E14.5, E16.5, and
E18.5) were dissected from the uteri of pregnant females
from separate timed matings. Retinas were dissected and
total RNAwas isolated as described (Mu et al., 2001; Wang
et al., 2002b). Individual RNA pools for each genotype
were collected and amplified using the MessageAmp aRNA
kit (Ambion, Austin, TX) as described earlier (Mu et al.,
2004).
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analysis
cDNA microarray slides containing 18,816 mouse retinal
cDNA clones (Mu et al., 2004) were used for hybridization
with wild-type and math5-null retinal RNA probes. Slide
processing, probe labeling, and microarray hybridizations
were performed as described previously (Mu et al., 2004).
For each developmental time point, at least three hybri-
dization reactions with three independent pairs of RNA
probes (wild-type versus mutant) were used.
Microarray slides were scanned with a GenPix 4000A
(Axon Instruments, Union City, CA) scanner, and raw data
were acquired with GenPix 4.0 software. Data analysis was
performed with GeneSpring 6.1 (Silicon Genetics, Redwood
City, CA). Normalization was performed as previously
described (Mu et al., 2004). One-way ANOVA was used to
identify significant changes (P b 0.05) in gene expression.
QT clustering was performed with GeneSpring 6.1 using the
average fold changes in gene expression between mutant
and wild-type retinas for each gene at the individual
developmental time points. The minimal cluster size was
set at 3, the minimum correlation value was 0.5, and
standard correlation was used for similarity measures. Gene
identities of some expressed sequence tags (ESTs) pre-
viously annotated as unknown were updated by searching
GenBank (http://www.ncbi.nlm.nih.gov/Genbank) and by
positioning the ESTs on the mouse genome using Map-
Viewer at NCBI (http://www.ncbi.nlm.nih.gov/mapview).
In situ hybridization
Templates used for probes from individual genes were
generated by PCR with T3 and T7 primers as described
previously (Mu et al., 2004), and digoxygenin (DIG)-
labeled antisense RNA probes were made by in vitro
transcription with T7 RNA polymerase (Ambion).Math5+/
and math5/ embryos were collected at the desired stage,
paraffin-embedded, and sectioned at 7 Am (Mu et al., 2004).
Sections from littermates with heterozygous or mutant
genotypes were used for each gene probe, and hybridization
was performed side by side with the DIG-labeled probes
(Mu et al., 2004).
Immunofluorescence staining
Costaining for neuroD and lacZ followed a previously
described immunofluorescence protocol (Wang et al., 2001).
Briefly, E14.5 embryos were fixed with 4% paraformalde-
hyde, washed three times with PBS (pH 7.4) plus 0.2%
Tween 20 (PBST), and embedded in OCT compound
(Tissue Tek, Redding, CA). Cryosections of 16-Am thick-
ness were collected, washed three times for 10 min with
PBST, and blocked with 2% BSA in PBST for 1 h. The
sections were incubated with primary antibodies (goat anti-
neuroD, 1:400, Santa Cruz Biotechnology, Santa Cruz, CA;monoclonal anti-lacZ, 1:200, Development Studies Hybrid-
oma Bank, Iowa City, IA) in 2% BSA–PBST for 1 h,
followed by three 10-min washes with PBST. Sections were
then stained with Cy5-conjugated donkey anti-mouse IgG
(1:1000, Jackson ImmunoResearch, West Grove, PA) and
Alexa 488-conjugated donkey anti-goat IgG (1:1000,
Molecular Probes, Eugene, OR), followed by washing with
PBST. The slides were then mounted in Fluoromount (EMS,
Hatfield, PA) and images were acquired with an Olympus
FV500 confocal microscope.Results and discussion
Identification of Math5-dependent genes by microarray
hybridization
Expression of math5 begins at E11, peaks at E13.5 and
E14.5, and continues until E16.5, after which it decreases
substantially (Brown et al., 1998; Yang et al., 2003).
Accordingly, we compared wild-type and math5-null retinas
at E13.5, E14.5, E16.5, and E18.5 to identify genes that
depend on Math5 for their expression. We identified 270
genes whose expression was significantly altered by the
absence of Math5 at one or more developmental stages; 171
genes were down-regulated and 99 were up-regulated.
Among them were 226 genes known genes; 162 of these
were down-regulated and 64 were up-regulated (Table 1).
We also identified 44 ESTs, of which 9 were down-
regulated and 35 were up-regulated. The ESTs were largely
uncharacterized sequences, and many probably represented
non-coding transcripts (Supplemental Table S1). In this
report, we focused our analysis on the 226 known genes.
The 226 Math5-dependent genes were clustered based on
fold changes in expression during development using wild-
type to mutant ratios. This resulted in nine distinct cluster sets
based on similarities in expression patterns; five sets
represented down-regulated genes and four represented up-
regulated genes (Fig. 1; Table 1). However, the majority of
genes fell into two cluster sets (Fig. 1, sets 1 and 6). Cluster
set 1 included most (139 of 162) of the down-regulated genes.
In general, the expression of these genes was continuously
down-regulated from E13.5 to E18.5 (Fig. 1, set 1). Cluster
set 6 included most (48 of 64) of the up-regulated genes.
In this set, expression was continuously up-regulated during
the same period of retinal development. Genes in both cluster
sets often had the most pronounced changes at E14.5,
coincident with the peak of math5 expression.
The other seven cluster sets were smaller, and their ex-
pression was altered at only one or two developmental stages.
With the exception of the genes in cluster sets 2 and 3, where
expression changed at early stages (E13.5 and E14.5), genes
in the other cluster sets had changes at late stages (E16.5 and
E18.5) (Fig. 1). Because math5 expression is largely limited
to E11 through E16.5 (Brown et al., 1998), the changes in
gene expression at early stages–represented by cluster sets 1,
Table 1
Known Math5-dependeant genes arranged based on QT clustering analysis
Accession Symbol Description E13.5a E14.5a E16.5a E18.5a
Cluster set 1
NM_011430* Sncg synuclein, gamma 13.60 21.66 3.67 5.02
NM_019641 Stmn1 stathmin 1 17.88 20.96 8.71 5.26
NM_010487 Elavl3 ELAV-like 3, Hu C antigen 15.04 18.39 7.28 4.11
NM_010574* Irx2 Iroquois related homeobox 2 3.73 7.96 2.92 3.81
NM_010838* Mapt microtubule-associated protein tau 4.64 7.68 2.63 2.47
NM_010910* Nefl neurofilament, light polypeptide 10.94 7.49 2.12 3.60
NM_148938* Slc1a3 solute carrier family 1, member 3 2.31 6.44 2.99 2.66
NM_008691* Nef3 neurofilament 3, medium 10.46 5.87 2.63 3.11
NM_030725* Syt13 synaptotagmin 13 4.31 5.54 1.85 2.28
NM_027530 Ripx RAP2 interacting protein x 2.66 5.34 1.68 1.44
NM_175006 Pou6f2 POU domain, class 6, transcription factor 2 3.65 5.21 2.30 2.12
NM_011531* Cntn2 contactin 2 4.55 5.19 2.03 2.20
NM_008083* Gap43 growth associated protein 43 7.78 4.89 1.81 3.68
NM_010096* Ebf3 early B-cell factor 3 7.13 4.83 1.92 2.16
NM_021459 Isl1 insulin related protein 1 (islet 1) 7.15 4.48 1.68 1.40
NM_145377* Trim41 tripartite motif-containing 41 5.18 4.30 2.59 2.76
NM_008741* Nsg2 neuron specific gene family member 2 3.91 4.22 1.82 1.66
NM_009221* Snca synuclein, alpha 2.66 4.16 2.92 3.98
NM_009308* Syt4 synaptotagmin 4 2.68 3.76 3.20 2.03
NM_133907* Ube3c ubiquitin protein ligase E3C 3.85 3.68 2.01 2.19
NM_004274 Akap6 A kinase (PRKA) anchor protein 6 2.01 3.64 1.21 1.53
NM_010834* Gdf8 growth differentiation factor 8 1.88 3.58 1.82 2.14
NM_008737* Nrp neuropilin 2.40 3.56 1.31 2.03
NM_010296* Gli1 Gli1 2.16 3.56 1.97 1.74
NM_009162* Sgne1 secretory granule neuroendocrine protein 1 4.41 3.38 1.17 4.40
NM_172523* Slc18a2 solute carrier family 18 (vesicular monoamine), member 2 2.20 3.31 2.21 2.10
NM_015140 KIAA0153 KIAA0153 Tubulin-tyrosine ligase family 2.69 3.31 1.66 1.86
NM_178615 1110059F19Rik RIKEN cDNA 1110059F19 gene 2.44 3.25 1.46 1.39
NM_021885 Tub tubby protein 2.60 3.20 1.15 1.41
NM_010488* Elavl4 ELAV-like 4, RNA-binding protein HuD 5.40 3.16 2.30 2.30
NM_009686* APBB2 amyloid beta (A4) precursor protein-binding, family B, member 2 2.75 3.15 1.57 2.07
NM_025285 Stmn2 stathmin-like 2/SCG10 4.22 3.14 1.73 1.80
NM_018741 Igfbpl1 insulin-like growth factor binding protein-like 1 2.58 3.05 1.30 1.26
NM_031251* Ctns cystinosis, nephropathic 3.14 3.02 1.66 2.99
NM_009112* S100a10 S100 calcium binding protein A10 (calpactin) 3.68 3.01 1.74 2.75
NM_019411 Ppp2ca protein phosphatase 2a, catalytic subunit, alpha isoform 1.79 2.97 2.51 3.07
NM_138944 Pou4f2 POU domain, class 4, transcription factor 2, Brn3b 3.15 2.96 1.95 1.15
NM_025877* 2310067G05Rik RIKEN cDNA 2310067G05 gene 2.54 2.91 1.61 1.80
NM_011670 Uchl1 ubiquitin carboxy-terminal hydrolase L1 2.81 2.81 2.12 2.39
NM_178765* 5730410E15Rik RIKEN cDNA D5730410E15 gene 2.12 2.81 1.39 2.27
NM_172485* D130067I03Rik RIKEN cDNA D130067I03 gene 1.71 2.79 1.53 1.35
NM_018826 Irx5 Iroquois related homeobox 5 2.82 2.77 2.05 2.29
NM_011499 Strap serine/threonine kinase receptor associated protein 2.05 2.73 1.94 1.99
NM_173030 Galnt13 UDP-N-acetyl-a-d-galactosamine:polypeptide
N-acetylgalactosaminyltransferase 13
1.99 2.66 1.19 1.51
NM_016743* Nell2 nel-like 2 homolog 1.42 2.64 1.74 1.81
NM_146100 Ina internexin neuronal intermediate filament protein, alpha 3.78 2.61 0.79 2.45
NM_009468 Dpysl3 dihydropyrimidinase-like 3 2.13 2.60 1.64 1.32
NM_178688* Ablim1 actin-binding LIM protein 1 1.78 2.59 1.58 1.71
NM_016920 Atp6v0a1 ATPase, H+ transporting, lysosomal V0 subunit a isoform 1 2.12 2.53 1.40 1.35
NM_145942* Hmgcs1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 1.54 2.52 2.32 2.05
NM_010884 Ndrg1 N-myc downstream regulated gene 1 1.49 2.51 2.18 1.85
NM_175460 mKIAA0479 mKIAA0479 1.70 2.50 1.65 1.17
NM_010316 Gng3 guanine nucleotide binding protein (G protein), gamma 3 subunit 2.27 2.50 1.42 1.27
NM_006237* Pou4f1 POU domain, class 4, transcription factor 1, Brn3a 2.36 2.49 3.62 4.13
NM_010518 Igfbp5 insulin-like growth factor binding protein 5 1.60 2.48 1.66 1.75
NM_009311 Tac1 tachykinin 1 1.15 2.46 1.51 1.38
NM_019914 AF1q ALL1-fused gene from chromosome 1q 2.38 2.45 1.29 1.23
NM_007897* Ebf early B-cell factor 1.94 2.43 1.22 1.88
NM_008633 Mtap4 microtubule-associated protein 4 1.22 2.43 1.80 1.41
NM_133218* Gig1 glucocorticoid induced gene 1 2.13 2.39 1.84 1.38
XM_354658 mKIAA0953 mRNA for mKIAA0953 protein 1.57 2.38 1.30 1.47
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Accession Symbol Description E13.5a E14.5a E16.5a E18.5a
Cluster set 1
NM_009130 Scg3 secretogranin III 2.05 2.36 0.91 1.16
NM_146231 MGC18736 MGC18736 2.80 2.30 1.57 1.49
XM_489135 A930009E05Rik RIKEN cDNA A930009E05 gene 1.52 2.30 1.45 1.08
NM_009819 Ctnna2 catenin (cadherin-associated protein), alpha 2 1.32 2.27 1.57 1.35
NM_177059 B230374F23Rik RIKEN cDNA B230374F23 gene 1.33 2.27 1.60 1.64
NM_009133 Stmn3 stathmin-like 3 2.67 2.26 1.48 1.64
NM_024223 Crip2 cysteine-rich protein 2 1.19 2.26 1.32 1.44
NM_025940* 2610042L04Rik RIKEN cDNA 2610042L04 gene 2.14 2.23 0.95 1.28
NM_008363 Irak1 interleukin-1 receptor-associated kinase 1 2.59 2.19 1.91 1.75
NM_175192 2900052N01Rik RIKEN cDNA 2900052N01 gene 2.25 2.17 1.41 1.14
NM_153457 Rtn1 reticulon 1 2.28 2.14 2.06 1.95
NM_009451 Tubb4 tubulin, beta, 4 2.60 2.13 1.51 1.37
NM_019931 Kcnd3 potassium voltage-gated channel, Shal-related subfamily, member 3 1.73 2.13 0.99 1.13
NM_019674* Ppp4c protein phosphatase 4, catalytic subunit 1.22 2.13 1.44 1.70
NM_178608 D6Ertd253e DNA segment, Chr 6, ERATO Doi 253, expressed 1.67 2.11 1.54 1.28
NM_177718 A430031N04 hypothetical protein A430031N04 1.16 2.10 2.30 1.90
NM_025284 Tmsb10 thymosin, beta 10 1.73 2.10 1.86 1.29
NM_008516* Lrrn1 leucine rich repeat protein 1, neuronal 1.25 2.09 1.55 1.31
NM_020271 Pdxp pyridoxal (pyridoxine, vitamin B6) phosphatase 1.90 2.07 1.86 1.68
NM_011599 Tle1 transducin-like enhancer of split 1 2.23 2.07 1.41 1.21
NM_007430 Nr0b1 nuclear receptor subfamily 0, group B, member 1 1.21 2.06 1.36 1.20
NM_080448 Srgap2 SLIT-ROBO Rho GTPase activating protein 2 1.27 2.05 1.84 1.50
NM_145602 Ndrg4 N-myc downstream regulated 4 1.60 2.05 1.25 1.46
NM_026178 Mmd monocyte to macrophage differentiation-associated 1.24 2.04 1.49 1.54
NM_009185 Sil Tal1 interrupting locus 1.70 2.04 1.83 1.40
NM_053104 Rbm9 RNA binding motif protein 9; fox-1 homolog 1.21 2.04 1.41 1.14
NM_009790 Calm1 calmodulin 1 1.36 2.01 1.72 1.33
XM_126866 Kidins220 kinase D-interacting substance of 220 kDa 1.60 2.00 1.29 1.36
NM_009670 Ank3 ankyrin 3, epithelial 1.59 1.99 1.90 1.20
NM_009871 Cdk5r cyclin-dependent kinase 5, regulatory subunit 1 (p35) 2.73 1.99 1.97 1.22
NM_009505 Vegfa vascular endothelial growth factor A 2.39 1.99 1.75 1.37
NM_010486 Elavl2 Elav like 2, Hu B antigen 1.47 1.98 1.08 1.10
NM_023047 Dpysl5 dihydropyrimidinase-like 5 1.32 1.96 1.75 1.74
NM_009846 Cd24a CD24a antigen 1.65 1.95 1.20 1.21
NM_052994 Spock2 sparc/osteonectin, cwcv and kazal-like domains proteoglycan 2 1.17 1.95 1.34 1.80
NM_021436 Tmeff1 transmembrane protein with EGF-like and two follistatin-like domains 1 1.36 1.94 1.42 1.20
NM_008846 Pip5k1a phosphatidylinositol-4-phosphate 5-kinase, type I, alpha 1.41 1.93 1.76 2.08
XM_109767 Enth enthoprotin 1.29 1.92 1.33 1.75
NM_027395 Basp1 brain abundant, membrane attached signal protein 1 1.29 1.92 1.62 1.46
NM_001001881 2510009E07Rik RIKEN cDNA 2510009E07 gene 1.63 1.91 0.94 1.47
NM_008397 Itga6 integrin alpha 6 1.09 1.91 1.59 1.17
NM_020010 Cyp51 cytochrome P450, subfamily 51 1.28 1.91 1.37 1.34
NM_007765 Crmp1 collapsin response mediator protein 1 2.38 1.89 1.05 1.69
NM_010497 Idh1 isocitrate dehydrogenase 1 (NADP+), soluble 1.43 1.88 2.15 1.07
NM_009450 Tubb2 tubulin, beta 2 1.56 1.88 1.94 1.47
NM_016866 Stk39 serine/threonine kinase 39, STE20/SPS1 homolog (yeast) 1.26 1.88 1.26 1.46
NM_010064 Dncic2 dynein, cytoplasmic, intermediate polypeptide 2 1.09 1.86 1.08 1.24
NM_054052 B3gnt5 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 1.13 1.85 1.11 1.33
NM_008450 Kns2 kinesin 2 60/70kDa 2.08 1.83 1.36 1.49
XM_283704 4933434I06Rik RIKEN cDNA 4933434I06 gene 1.94 1.82 1.17 1.40
NM_009366 Tgfb1i4 transforming growth factor beta 1 induced transcript 4 1.58 1.80 1.34 1.58
NM_021306 Ecel1 endothelin converting enzyme-like 1 2.05 1.80 1.40 1.16
NM_019439 Gabbr1 gamma-aminobutyric acid (GABA-B) receptor, 1 1.61 1.79 1.25 1.13
NM_013813 Epb4.1l3 protein 4.1B (Epb4.1l3) mRNA 1.46 1.79 2.33 1.14
NM_153536 3110007G05Rik RIKEN cDNA B130050I23 gene 2.01 1.78 1.29 1.33
NM_013737 Pla2g7 platelet-activating factor acetylhydrolase, plasma 1.51 1.78 1.08 1.43
NM_007581 Cacnb3 calcium channel, voltage-dependent, beta 3 subunit 1.32 1.77 1.35 1.35
NM_023279 Tubb3 tubulin, beta 3 2.66 1.76 1.30 1.31
NM_010837 Mtap6 microtubule-associated protein 6, Stop 1.65 1.74 1.40 1.89
NM_011869 Thrap4 thyroid hormone receptor associated protein 4 1.38 1.72 1.07 1.45
NM_021491 Smpd3 sphingomyelin phosphodiesterase 3, neutral 1.69 1.71 1.25 1.48
NM_173781 Rab6b Ras-related protein 6b 1.61 1.70 1.49 1.34
Table 1 (continued)
(continued on next page)
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Accession Symbol Description E13.5a E14.5a E16.5a E18.5a
Cluster set 1
NM_007496 Atbf1 AT motif binding factor 1 1.26 1.70 1.27 1.00
NM_009225 Snrpb small nuclear ribonucleoprotein polypeptides B and B1 1.34 1.69 1.53 2.13
NM_010942 Nsg1 neuron specific gene family member 1 1.69 1.69 1.59 1.41
NM_009851* Rbpms RNA binding protein gene with multiple splicing, hermes 1.30 1.68 1.69 2.27
NM_007631* Ccnd1 Cyclin D1 2.07 1.68 1.04 1.41
NM_024197 Ndufa10 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 1.33 1.66 1.87 1.33
NM_145511 BC003331 cDNA sequence BC003331 1.68 1.60 0.97 1.29
NM_134469 Fdps farensyl diphosphate synthase 1.74 1.55 1.74 1.73
NM_008715 Ddx26 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 26 1.55 1.52 1.78 1.02
NM_177027* 4930572I07Rik RIKEN cDNA 4930572I07 gene 2.25 1.52 1.33 1.36
NM_033563* Klf7 Kruppel-like factor 7 (ubiquitous) 2.35 1.52 1.06 1.53
NM_013864 Ndrg2 N-myc downstream regulated 2 1.28 1.47 1.21 2.06
NM_007890 Dyrk1a dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A 2.34 1.43 1.04 1.22
NM_008634 Mtap1b microtubule-associated protein 1 B 1.72 1.38 1.38 1.02
NM_033444 Clic1 chloride intracellular channel 1 1.27 1.35 1.40 1.71
NM_133733 Asp5 adipocyte-specific protein 5 1.31 1.32 1.44 1.95
Cluster set 2
NM_011428 Snap25 synaptosomal-associated protein 25 2.02 2.59 1.13 0.73
NM_027432 2610312E17Rik RIKEN cDNA 2610312E17 gene 1.67 1.85 1.01 0.70
XM_128169* 1810041L15Rik RIKEN cDNA 1810041L15 gene 1.84 1.76 0.83 1.06
NM_008665 Myt1 myelin transcription factor 1 1.97 1.65 1.17 0.69
NM_009829 Ccnd2 cyclin D2 1.83 1.31 1.04 0.96
XM_143856 Rasef RAS and EF hand domain containing 1.79 1.31 1.04 0.96
NM_010923* Nnat neuronatin 2.30 1.26 1.17 1.25
Cluster set 3
NM_009441 Ttc3 tetratricopeptide repeat domain 3 0.97 1.89 1.32 1.16
NM_028301 2700067D09Rik RIKEN cDNA 2700067D09 gene 0.97 1.83 1.13 1.05
XM_133096 3321401G04Rik RIKEN cDNA 3321401G04 gene 1.15 1.79 0.82 1.13
Cluster set 4
NM_178655 Ank2 ankyrin 2, brain 0.72 1.44 2.15 1.56
NM_007399 Adam10 Adam10 1.45 1.42 2.59 0.75
NM_021506 Sh3md2 SH3 multiple domains 2 0.83 1.35 2.13 0.98
NM_009321 Tbca tubulin cofactor a 0.93 1.25 1.84 0.90
NM_007512 Atpi ATPase inhibitor 1.22 1.14 2.00 1.04
NM_022891 Rpl23 ribosomal protein L23 0.97 1.06 1.60 0.88
Cluster set 5
NM_026120 2410127L17Rik RIKEN cDNA 2410127L17 gene 0.87 1.56 1.33 1.82
NM_009061 Rgs2 regulator of G-protein signaling 2 1.88 1.26 0.95 2.01
NM_178005 Lrrtm2 leucine-rich repeat transmembrane neuronal 2 protein 1.06 1.24 1.07 1.77
NM_018804 Syt11 synaptotagmin 11 1.03 1.16 0.77 1.72
NM_008155 Gpi1 glucose phosphate isomerase 1 0.83 0.95 0.99 2.16
NM_009415 Tpi triosephosphate isomerase 0.98 0.95 0.82 2.29
NM_011300 Rps7 ribosomal protein S7 0.94 0.89 0.98 2.13
Cluster set 6
NM_022423* 2410016F01Rik RIKEN cDNA 2410016F01 gene 1.52 0.19 0.68 0.22
NM_026039 2810046C01Rik RIKEN cDNA 2810046C01 gene 1.00 0.30 0.83 0.52
NM_008028 Flot2 flotillin 2 0.69 0.35 0.70 0.62
NM_021881* Qk quaking 1.09 0.44 0.92 0.59
NM_134025 Pex12 peroxisomal biogenesis factor 12 0.50 0.46 0.82 0.76
NM_010894 Neurod1 Neurod1 0.65 0.46 0.53 0.47
NM_009718 Neurog2 neurogenin 2 0.77 0.47 0.60 0.61
NM_175660 H2a.1 histone protein H2a.1 0.69 0.47 0.88 0.62
NM_010615 Kif11 kinesin family member 11 0.93 0.47 0.64 0.50
NM_008372 Il7r interleukin 7 receptor 0.76 0.47 0.74 0.75
NM_053272* Dhcr24 24-dehydrocholesterol reductase 1.00 0.47 0.95 0.70
NM_008750 Nxn nucleoredoxin 1.04 0.48 0.73 0.64
NM_007570 Btg2 B-cell translocation gene 2, anti-proliferative 0.64 0.48 0.57 0.72
NM_133687* Cxxc5 CXXC finger 5 1.00 0.48 0.65 0.87
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Cluster set 6
NM_010918* Nktr natural killer tumor recognition sequence 1.04 0.49 0.87 0.55
AK017326* 5430420F09Rik RIKEN cDNA 5430420F09 gene 1.06 0.49 0.77 0.70
NM_177274 Negr1 Neuronal regulator 1 1.05 0.49 0.72 0.63
NM_026606 5330431K02Rik RIKEN cDNA 5330431K02 gene 0.96 0.50 0.90 0.73
NM_026358 4930583H14Rik RIKEN cDNA 4930583H14 gene 0.71 0.51 0.64 0.93
NM_009234 Sox11 SRY-box containing protein 11 1.21 0.51 0.56 0.56
NM_172869* Frmd3 FERM domain containing 3 1.12 0.52 0.83 0.57
NM_008702 Nlk nemo like kinase 0.76 0.52 0.66 0.97
NM_173437* Nav1 neuron navigator 1 0.94 0.52 0.89 0.76
NM_144795 Pycr1 pyrroline-5-carboxylate reductase 1 1.20 0.55 0.84 0.66
NM_009206* Slc4a1ap solute carrier family 4 (anion exchanger), member 1, adaptor protein 1.02 0.55 0.85 0.48
XM_283372 1700110N18Rik RIKEN cDNA 1700110N18 gene 0.89 0.55 0.81 0.60
NM_007475 Arbp acidic ribosomal phosphoprotein P0 0.97 0.56 0.67 1.02
NM_005933 Mll myeloid/lymphoid or mixed-lineage leukemia 0.96 0.56 0.82 0.59
NM_011156 Prep prolyl endopeptidase 1.01 0.56 0.74 0.57
NM_020496* Tbx20 Tbx20 1.07 0.57 0.75 0.66
NM_198295 mKIAA1830 mKIAA1830 protein 0.99 0.57 0.63 0.36
NM_019552 Abcb10 ATP-binding cassette, sub-family B (MDR/TAP), member 10 0.72 0.57 0.66 0.55
NM_014141 Cntnap2 contactin associated protein-like 2 0.94 0.57 0.76 0.77
NM_008409 Itm2a integral membrane protein 2A 0.84 0.58 0.73 0.65
NM_004380 Crebbp CREB binding protein 1.09 0.58 0.89 0.73
NM_016721* IQGAP1 IQ motif containing GTPase activating protein 1 1.01 0.59 0.78 0.59
NM_010210* Fhit diadenosine triphosphate hydrolase (Fhit) gene, intron 5 1.07 0.59 0.97 0.54
NM_008783 Pbx1 pre B-cell leukemia transcription factor 1 0.97 0.60 0.79 0.56
NM_172385 Zfp536 zinc finger protein 536 1.10 0.60 0.57 0.97
NM_008651* Mybl1 Mybl1 1.14 0.60 0.76 0.53
NM_013889* Zfp292 Zfp292 1.07 0.61 0.84 0.50
NM_138755 Bhc80 BRAF35/HDAC2 complex (80 kDa) 0.99 0.65 0.64 0.82
NM_008228 Hdac1 histone deacetylase 1 0.95 0.67 0.58 0.87
NM_026167 Klhl13 kelch-like 13 0.94 0.67 0.76 0.57
NM_146095 Rorb retinoid-related orphan receptor RZR-beta homolog 0.80 0.69 0.56 0.80
NM_026886 1500001A10Rik RIKEN cDNA 1500001A10 gene 0.92 0.70 0.73 0.61
NM_009668 Bin1 bridging integrator 1 1.00 0.71 0.59 0.59
NM_009538 Plagl1 Zac1/Plagl1/pleiomorphic adenoma gene-like 1 0.62 0.73 0.61 0.72
Cluster set 7
NM_009932 Col4a2 procollagen, type IV, alpha 2 0.71 0.58 0.93 1.06
XM_486240 5730485H21Rik RIKEN cDNA 5730485H21 gene 0.59 0.67 0.80 0.91
NM_009144 Sfrp2 secreted frizzled-related sequence protein 2 0.56 0.72 1.28 0.69
Cluster set 8
NM_011072 Pfn1 profilin 1 0.91 0.68 0.51 1.10
NM_018837 Sulf2 sulfatase 2 0.87 0.71 0.56 1.13
NM_011585 Tia1 cytotoxic granule-associated RNA binding protein 1 1.16 0.72 0.62 1.16
NM_008003* Fgf15 Fgf15 1.10 0.78 0.63 1.04
Cluster set 9
NM_009238 Sox4 Sox4 1.05 0.75 0.88 0.50
NM_030706 Trim2 tripartite motif-containing 2 1.24 0.84 0.52 0.34
NM_010431 Hif1a hypoxia inducible factor 1, alpha subunit 1.02 0.90 0.94 0.57
NM_016690 Hnrpdl heterogeneous nuclear ribonucleoprotein D-like 0.91 0.96 0.94 0.59
NM_007548 Prdm1 B lymphocyte induced maturation protein 1 gene 0.91 1.00 0.56 0.62
NM_008141 Gnat2 guanine nucleotide binding protein, alpha transducing 2 1.02 1.00 0.50 0.64
NM_003220 Tcfap2a transcription factor AP-2, alpha 1.16 1.04 0.99 0.51
NM_025374 Glo1 glyoxalase I 0.94 1.06 0.87 0.56
NM_007501 Math3 Math3 1.30 1.12 0.51 0.47
a Values are average fold change (wild type/math5 null) from at least three hybridizations for individual developmental stage.
* Genes dependent on both Math5 and Brn3b.
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absence of math5, while the later changes were probably due
to secondary effects resulting from the loss of RGCs.The cluster analysis is useful as a guide for identifying
genes that were potential targets of Math5. Because the ana-
lysis was based on fold change, the patterns did not reflect the
Fig. 1. Clustering of Math5-dependent genes based on fold change during development. For each cluster, the x-axis shows four developmental time points
(E13.5, E14.5, E16.5, and E18.5) at which retinal RNA was isolated. The y-axis shows the fold change (wild-type/math5-null) on a log scale.
Fig. 2. Functional classification of Math5-dependent genes. Up- and down-
regulated genes were analyzed separately. Genes were classified into nine
known functional classes and two classes with functions that could not be
classified (other) or were unknown.
X. Mu et al. / Developmental Biology 280 (2005) 467–481474actual gene expression levels at any stage. In most cases,
when no significant changes were detected, it was often
because the level of expression at that stage was too low to
detect.
Functional classes of Math5-dependent genes
Because Math5 confers competence to progenitor cells
for an RGC fate, differences in gene expression between
wild-type and math5-null retinas should reflect a disruption
in both RGC specification and differentiation. As a first step
in identifying Math5-dependent genes involved in either
specification or differentiation, the 226 characterized genes
were categorized by function (Fig. 2, Supplemental Table
S2). Genes whose expression was up- or down-regulated in
the absence of Math5 were analyzed separately. For genes
with readily assigned conventional functions, several
notable features were apparent. Many Math5-dependent
genes encode proteins involved in transcription and cell
signaling. It is likely that most of these genes function as
positive or negative regulators in RGC development. Tran-
scription factors represented 36% of the up-regulated genes,
and another 11% were involved in cell signaling (Fig. 2).
Thus, almost half of the up-regulated genes encoded
proteins that were likely to have regulatory functions. The
percentage of regulatory genes was less for down-regulated
genes. Transcription factor genes represented 9% of those
that were down-regulated in the absence of Math5, and cellsignaling molecules represented 20% (Fig. 2). The large
number of regulatory genes dependent on Math5 for their
expression suggests that Math5 is positioned at a central
node in a complex regulatory network. As discussed in more
detail below, in addition to promoting RGC formation,
Fig. 3. Proportions of genes classified as enriched in 2N or 4N cells based
on published data (Livesey et al., 2004). The y-axis shows the percentages
of up-regulated (UP) or down-regulated (DN) genes that were expressed at
enriched levels in 2N or 4N cells; such genes were found only in the down-
regulated group. A significantly larger proportion of genes enriched in 4N
cells were found in the up-regulated group.
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ciated with the formation of other retinal cell types.
The number of Math5-dependent genes encoding pro-
teins with neural functions was substantially greater for
down-regulated genes (43 genes, 27%) than for up-regulated
genes (3 genes, 4%) (Fig. 2). These results indicate that
many of the down-regulated genes were specifically
expressed in RGCs and that the down-regulation of their
expression reflected the loss of RGCs in math5-null retinas.
In fact, many known RGC-specific genes, including those
encoding neurofilament light chain (Nefl), neurofilament 66
(Ina), Persyn (Sncg), GAP43 (Gap43), and others, belonged
to this group (Table 1; Supplemental Table S2). Genes
encoding proteins with neural functions are the basic
structural and functional components for RGCs and many
of them continue to be expressed in mature RGCs. These
genes may serve as a useful resource for understanding
RGC function and diseases associated with RGC loss.
Math5-dependent genes within a particular functional
category are involved in various cellular processes. Genes in
the cell signaling class include those encoding secreted
molecules, protein kinases, and G proteins. Genes encoding
three RGC-expressed secreted molecules, Sonic hedgehog
(Shh), myostatin/GDF8, and vascular epithelial growth
factor A (VEGFa), were all downregulated in math5 null
retina. Genes associated with neural function encode
neuronal cytoskeletal proteins, proteins involved in axonal
guidance and pathfinding, ion channels, neural transmitter
transportation, and others. Other Math5-dependent genes
include those involved in protein metabolism, a category
that includes the protein ubiquitination pathway; those
encoding RNA-binding proteins; and several genes involved
in cell cycle regulation (Fig. 2, Supplemental Table S2).
Although the precise function of most of these genes in the
developing retina must still be determined, they provide a
comprehensive molecular signature for the events required
for RGC formation.
Math5-dependent genes expressed in progenitor cells or
RGCs
In an earlier analysis, Livesey and coworkers separated
cells in the developing retina by DNA content and identified
large sets of genes whose expression was enriched in either
retinal progenitor cells (4N) or in differentiated retinal
neurons (2N) (Livesey et al., 2004). We used the data from
that analysis, in combination with other published informa-
tion, to identify Math5-dependent genes whose expression
was enriched in either 4N or 2N cells (Fig. 3, Supplemental
Table S3). A substantial proportion (34%) of down-
regulated genes, but none of the up-regulated genes, were
enriched in 2N cells (Fig. 3, Supplemental Table S3). As
mentioned above, it is likely that the majority of Math5-
dependent down-regulated genes were expressed in RGCs
and that down-regulation of their expression reflected the
absence of RGCs in math5-null retinas. Examples of sixgenes expressed in RGCs and down-regulated in the
absence of Math5 are shown in Fig. 4A. Still more down-
regulated genes may be RGC-specific (i.e., 2N), but the
published analysis did not cover the whole genome (Livesey
et al., 2004).
In sharp contrast, the expression of a much larger pro-
portion of up-regulated genes (25%) than down-regulated
genes (5%) was enriched in 4N (progenitor) cells (Fig. 3).
Because math5 is expressed in postmitotic (2N) cells (Yang
et al., 2003), the down-regulated genes in 4N cells were
unlikely to be regulated directly by Math5. Two examples
of genes down-regulated by Math5 were cyclinD1 and
gli1; these are regulated by signaling molecules, including
Sonic hedgehog, that are secreted from RGCs (Mu et al.,
2004). The absence of Math5 prevented RGC differ-
entiation and resulted in the loss of signaling by Sonic
hedgehog and other secreted molecules. This, in turn,
caused a down-regulation in the expression of cyclinD1
and gli1 in the overlying 4N progenitor cells. The Math5-
dependent up-regulated genes that were enriched in 4N
cells were repressed by Math5, either directly or indirectly,
during retinal development. Notably, three of these–ngn2,
neuroD, and math3–are bHLH proneural genes (Table 1,
Fig. 4B). Repression of these genes in 4N cells may be a
necessary step in the commitment of progenitor cells to an
RGC fate.
Math5 represses the expression of other proneural genes in
retinal progenitor cells
Five proneural bHLH genes–math5, math3, neuroD,
mash1, and ngn2–are expressed in the developing retina in
distinct but overlapping expression patterns (Hatakeyama
and Kageyama, 2004). Whereas Math5 functions in RGC
development, the remaining proneural bHLH factors are
required for the formation of later retinal cell types
(Hatakeyama and Kageyama, 2004). Except for Math5,
Fig. 4. Changes in expression of selected Math5-dependent genes visualized by in situ hybridization or immunofluorescence staining. (A) RGC-expressed
genes that were down-regulated in math5-null retinas. Among these genes, Trim41 was dependent on both Math5 and Brn3b, whereas Uchl1, Irak1, Ina1,
Stmn2, and Rsg2 were dependent only on Math5 but not Brn3b. (B) Expression of three progenitor-specific proneural genes (math3, neuroD, and ngn2) was
repressed by Math5. Left, in situ hybridization showing up-regulation in math5-null retinas. Right, immunofluorescence showing up-regulation of NeuroD in
math5-expressing cells. Dotted lines indicate the border between progenitor cells and RGCs. Red, Math5-expressing cells (anti-lacZ); green, neuroD-
expressing cells (anti-NeuroD); yellow, merged. +/, math5+/LacZ-KI; /, math5GFP-KI/LacZ-KI. The GFP-KI allele was used solely as a math5-null allele.
X. Mu et al. / Developmental Biology 280 (2005) 467–481476two or more proneural genes often function together to
specify retinal cell fates. In these cases, phenotypic defects
are manifested only when multiple proneural genes are
deleted (Akagi et al., 2004; Inoue et al., 2002; Tomita et al.,
2000). For example, Mash1 and Math3 are involved in
bipolar cell formation (Tomita et al., 2000); Math3 andNeuroD are necessary for amacrine cell development (Inoue
et al., 2002); NeuroD, Mash1, and Math3 are essential for
the formation of photoreceptors (Akagi et al., 2004); and
Mash1, Ngn2, Math3, and NeuroD are all involved in
horizontal cell development (Akagi et al., 2004). In
addition, targeted deletion of proneural bHLH genes often
X. Mu et al. / Developmental Biology 280 (2005) 467–481 477leads to the overproduction of other cell types (Akagi et al.,
2004; Inoue et al., 2002). For example, targeted deletion of
math5 results in an overproduction of amacrine and cone
photoreceptor cells (Brown et al., 2001; Wang et al., 2001).
In our microarray analysis, we found that math3,
neuroD, and ngn2 were significantly up-regulated in
math5-null retinas, and this up-regulation occurred in
progenitor cells (Fig. 4B). The up-regulation of these genes
might account for the overproduction of amacrine and cone
cells in math5-null retinas (Brown et al., 2001; Wang et al.,
2001). This observation is similar to those in other studies in
which targeted deletion of one or more proneural bHLH
genes in the retina results in the up-regulation of other
proneural genes. For example, math5 is up-regulated in
math3//neuroD/ double-mutant retinas (Inoue et al.,
2002), mash1 is up-regulated in ngn2/ and math3/
retinas (Akagi et al., 2004), and ngn2 is up-regulated in
mash1/ and math3/ retinas (Akagi et al., 2004).
Transcriptional cross-regulation, usually cross-repression,
among proneural bHLH genes appears to be crucial for
coordinating the sequential formation of the various retinal
cell types.
If Math5 negatively regulates the expression of math3,
neuroD, and ngn2, we would expect that in a math5/
retina, math5-expressing cells, but not other progenitor
cells, would overexpress math3, neuroD, and ngn2. To
determine whether this was so, we took advantage of
math5-null knock-in alleles (Wang et al., 2001) that marked
lacZ expression in math5-expressing cells in heterozy-
gous (math5+/lacZ-KI) and null retinas (math5GFP-KI/lacZ-KI)
(Fig. 4B).
In heterozygous retinas, lacZ expression was observed
not only in math5-expressing cells in the proliferation zone
but also in RGCs (Fig. 4B). This was due to the relatively
high stability of h-galactosidase (Wang et al., 2001).
Previous reports showed that neuroD and math5 are
expressed in subpopulations of progenitor cells in the
proliferation zone (Brown et al., 1998; Pennesi et al.,
2003). The two subpopulations were only partially over-
lapping in the math5+/lacZ-KI retinas (Fig. 4B). Although
some cells expressed both lacZ and neuroD, many cells
expressed only one or the other, suggesting that coexpres-
sion of math5 and neuroD was limited. In contrast, in
math5GFP-KI/lacZ-KI retinas, very few cells expressed solely
lacZ, and substantially more cells expressed both lacZ and
neuroD, although the number of cells expressing only
neuroD remained unchanged. These results indicate that in
the absence of Math5, cells normally expressing math5 but
not neuroD became neuroD-expressing cells. The results
support the notion that Math5 negatively regulates neuroD
expression and that repression is relieved in the absence of
Math5. Whether repression is direct or indirect must still be
determined. A recent report relevant to this issue showed
that the winged helix/forkhead transcription factor Foxn4 is
required for the activation of neuroD and math3 (Li et al.,
2004). It is possible that Foxn4 is directly repressed byMath5 in math5-expressing progenitor cells, thereby pre-
venting the expression of neuroD.
Retinal progenitor cells are not a homogeneous popula-
tion, as evidenced by the mosaic expression patterns of
proneural bHLH genes. The mosaic patterns might result
from cross-regulation, with the net outcome deciding which
bHLH gene or genes are expressed predominantly in a
particular progenitor cell. Although the competence of
retinal progenitor cells changes over time, at each stage
progenitor cells must make a decision whether to proliferate
or exit the cell cycle and commit to one of the seven retinal
cell fates. The fate of a progenitor cell might depend in part
on its repertoire of proneural bHLH factors and other
intrinsic regulatory factors. Expression of math5 by itself is
not sufficient to drive competent progenitor cells to an RGC
fate. This implies that other regulatory factors contribute to
the process. It is known that homeobox-containing factors
cooperate with proneural factors in promoting the formation
of different cell types (Inoue et al., 2002). The transcrip-
tional program that drives RGC specification and diffe-
rentiation might be activated only in progenitor cells with
the proper repertoire of intrinsic regulators.
Math5 and RGC-specific gene expression
Brn3b is among the earliest genes expressed in RGCs as
they begin to differentiate (Xiang et al., 1995). The lack of
brn3b expression in math5-null retinas was reported
previously (Brown et al., 2001; Wang et al., 2001) and was
confirmed in our microarray analysis (Table 1). We expected
that genes that were down-regulated in brn3b-null retinas
(Mu et al., 2004) would be down-regulated in math5-null
retinas as well. Comparisons of microarray data from brn3b-
null and math5-null retinas confirmed this prediction and
provided additional insights into the RGC gene regulatory
network for RGC specification and differentiation.
Of the 226 known genes that depended on Math5 for
their expression, 57 (42 down-regulated and 15 up-
regulated) were also dependent on Brn3b (Table 1). These
57 genes included most of the known genes down-regulated
in the absence of Brn3b and a substantial number of the up-
regulated genes. A number of Brn3b-dependent genes were
not found among the Math5-dependent genes. Genes whose
expression was up-regulated in RGCs in brn3b-null retinas
(e.g., Dlx1 and Dlx2), in which abnormal RGCs formed and
then underwent apoptosis, would not have been expected to
be up-regulated in math5-null retinas, where RGCs did not
form at all. The loss of Brn3b affects both RGC-specific
genes (e.g., brn3a/Pou4f1, persyn/Sncg, and Gdf8) and
progenitor cell-specific genes (e.g., gli1 and cyclinD1) (Mu
et al., 2004); both classes were also affected by the absence
of Math5 (Table 1). The up-regulated genes shared by
math5- and brn3b-null retinas were likely to reflect
secondary responses to RGC loss during retinal develop-
ment. This is because these genes are not expressed in
RGCs and their up-regulation in brn3b-null retinas occurred
Fig. 5. Association of Math5-dependent genes with RE1 elements. Both up-
(UP) and down-regulated (DN) genes were associated with RE1 elements.
Approximately half of the down-regulated genes were expressed in RGCs
(genes enriched in 2N cells). Very few RE1-containing genes were
expressed in progenitor cells (genes enriched in 4N cells).
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with the timing of RGC loss in these two mouse lines.
The regulatory cascade downstream of Brn3b is only one
branch of the Math5 gene regulatory network for RGC
specification and differentiation. Many RGC-specific genes
that were not affected by the absence of Brn3b were
strongly down-regulated in the absence of Math5 (Fig. 4A).
For example, the expression of genes encoding ubiquitin
carboxy-terminal hydrolase L1 (Uchl1), interleukin-1 recep-
tor-associated kinase 1 (Irak1), internexin/neurofilament
protein NF66 (Ina), SCG10/stathmin-like 2 (Stmn2), and
regulator of G-protein signaling 2 (Rgs2) was not altered in
brn3b-null retinas but was significantly down-regulated in
math5-null retinas (Table 1, Fig. 4A). Of the three genes
encoding secreted molecules, Shh and Gdf8 were dependent
on both Math5 and Brn3b, but Vegfa was only dependent on
Math5. These results imply that other branches required for
RGC gene expression are likely to be under the control of
early RGC-specific transcription factors whose expression is
not dependent on Brn3b but is dependent on Math5.
Examples of transcription factors whose genes were
down-regulated in the absence of Math5 and might function
in other branches of the Math5 gene regulatory network
include Tle1, a Groucho-class transcriptional repressor;
Myt1, an H2CH zinc finger factor; Atbf1, a homeodo-
main-zinc finger factor; Nr0br, a nuclear receptor; and
Islet1, a lim-homeodomain factor (Table 1). Based on their
expression patterns, some of these factors, including
Myt1(Bellefroid et al., 1996; Perron et al., 1998), Islet1
(Rachel et al., 2002), and Tle1 (Mu et al., unpublished data),
may function at the same regulatory level as Brn3b at the
onset of RGC differentiation. Similar to Brn3b, these factors
may directly regulate genes for RGC differentiation and
function, or indirectly through regulating genes encoding
other transcription factors (Mu et al., 2004) (Fig. 6).
Activation of these parallel early transcription factor genes
by Math5, directly or indirectly, is likely to be the first step
in regulating RGC differentiation.
General repression of RGC gene expression in retinal
progenitor cells
RGC-specific transcriptional activators like Brn3b
(Martin et al., 2005) are essential for RGC gene tran-
scription, but more general regulatory mechanisms known
to be associated with neuronal differentiation might also
have important roles. Non-neuronal repression of a large
number of neuronal genes is mediated by the RE1
silencing transcription factor/neuron-restrictive silencing
factor (REST/NRSF) through RE1 cis-regulatory elements
(Chong et al., 1995; Lunyak et al., 2002; Schoenherr and
Anderson, 1995). Deletion of REST/NRSF leads to
aberrant expression of neuronal genes in non-neural tissues
and neuronal progenitors (Chen et al., 1998). To determine
whether RGC-specific genes are subject to REST/NRSF
repression, we examined the association of RE1 elementswith Math5-dependent genes by querying a genome-wide
database for genes that have RE1 elements within 100 kb
of their coding sequences (Bruce et al., 2004). Of the
genes that were down-regulated in math5-null retinas, we
identified 47 (29%) containing one or more RE1 elements;
half of these genes were also enriched in 2N cells,
indicating RGC expression (Fig. 5, Supplemental Table
S3). We also identified eight RE1-containing genes (12%)
up-regulated in math5-null retinas, although none of them
were found on the 2N-enriched gene list. Most importantly,
and consistent with the function of REST/NRSF, we
identified very few Math5-dependent genes associated with
RE1 that were enriched in 4N (progenitor) cells (Fig. 5).
These results indicate that REST/NRSF may have a role in
repressing RGC genes in RPCs and that the activation of
RGC-specific genes may require both RGC-specific tran-
scription factors and release of REST/NRSF repression. The
down-regulated genes containing RE1 elements are posi-
tioned at different levels in the RGC gene network and
include brn3b and genes encoding proteins for RGC
structure and function (Fig. 6). Derepression of REST/
NRSF and activation by RGC-specific transcription factors
might be integral processes in RGC differentiation.
A gene regulatory network for RGC specification and
differentiation
The development of RGCs can be divided into three
stages, acquisition of RGC competence, cell fate specifi-
cation, and cell differentiation. Key transcriptional regu-
lators are required for each stage, with each regulator
representing a node in a gene regulatory network (Fig. 6).
Whereas Pax6 and other factors like Rx, Six3, Notch, and
Chx10 are required for the general RPC competence
(Marquardt and Gruss, 2002), Math5 is required specifi-
cally for RGC competence (Fig. 6). Control of math5
expression in RPCs is subject to at least two opposing
inputs: positive regulation by Pax6 and negative regulation
Fig. 6. A model for the gene regulatory network in RGC development. Relationships are based on the microarray results presented here and elsewhere, and on
other published information (Green et al., 2003; Marquardt and Gruss, 2002; Mu et al., 2004). Genes are depicted such that the right side of the bent arrow for
each gene signifies the gene product, and left side, the transcriptional control region. Solid lines connecting genes indicate established upstream–downstream
relationships and dashed lines suggest inferred relationships. Downward arrows signify gene activation and downward perpendicular lines signify gene
repression. The connections are not necessarily meant to indicate direct target gene activation or repression. Connections stemming from the following
regulators are shown: Notch, solid light blue; Pax6, solid green; Gli1, solid black; Math5, solid magenta; NRSF/REST, dashed red; Pou4f2 (Brn3b), solid blue;
Isl1, Tle1, and Myt1, dashed black; Shh, solid blue; Gdf8, dashed red; Vegf, dashed green. Genes boxed in yellow represent regulators of general retinal
competence; genes boxed in orange are proneural bHLH genes associated with established competence in RPCs for specific retinal cell fates; the light purple
box represents the general repression of RGC genes mediated by NRSF/REST; the light blue and dark blue boxes represent genes encoding RGC-specific
upstream (light blue) and downstream (dark blue) transcription factors; genes boxed in green are those encoding proteins associated with RGC maturation and
function; genes boxed in purple encode secreted signaling molecules. In some cases, only representative examples are shown for in each box. A description for
individual genes can be found in Table 1. The basis for the depicted model structure was initially described by Davidson and co-workers for the specification of
endomesoderm cells in the sea urchin embryo (Davidson et al., 2002).
X. Mu et al. / Developmental Biology 280 (2005) 467–481 479by Notch (Fig. 6). This level of control enables a specific
subset of RPCs to express math5 and acquire RGC
competence, while non-math5-expressing RPCs acquire
the competence to specify other retinal cell types relying
on other proneural bHLH factors.
As a bHLH transcription factor, Math5 exerts its function
not only by activating genes required for RGC diffe-
rentiation, but also by repressing other proneural bHLHgenes to prevent the specification of other cell fates (Fig. 6).
Thus, the ultimate fate of a math5-expressing progenitor
cell depends on the transcriptional readout resulting from
the activation and repression of intrinsic regulatory genes
encoding proneural bHLH factors and other transcriptional
regulators.
Once cell-fate specification occurs, genes encoding
early RGC-specific transcription factors, including brn3b
X. Mu et al. / Developmental Biology 280 (2005) 467–481480and Islet1, are activated to control parallel branches of
RGC differentiation (Fig. 6). These upstream factors can
function either directly or through the regulation of genes
encoding more downstream transcription factors like
brn3a, EBF, Irx2 (Fig. 6). Appreciable functional redun-
dancy may exist among the parallel branches of the
network; this is because several members of a gene family
may be expressed in RGCs but individual members may
be activated through different branches. For example, Irx2
is regulated through the Brn3b branch while Irx5, which
is likely to be functionally redundant with Irx2, is not
(Fig. 6).
The initial activation of brn3b and other early-function-
ing RGC-specific transcription factors may be a separate
process from that which maintains their expression at later
times. Circumstantial evidence suggests that Brn3b regu-
lates its own expression through a positive feedback loop
(Liu et al., 2001). Thus, once initial activation mechanisms
that rely on Math5 are extinguished, Brn3b levels have
become sufficiently high to maintain brn3b expression by
autoregulation (Fig. 6).
A large number of genes involved in the downstream
events of RGC maturation and function have been identified
(Mu et al., 2004). While expression of these genes is the end
point of RGC differentiation, RGC development must also
be coordinated with the development of other retinal cell
types. This is achieved by growth factors, which are
secreted by RGCs and engaged by their receptors on RPCs.
Shh, myostatin/GDF8, and VEGFa are secreted from
differentiated RGCs, and through feedback mechanisms,
regulate RPC proliferation and RGC production by influ-
encing gene expression in overlying RPCs (Gonzalez-
Hoyuela et al., 2001; Mu et al., 2005; Zhang and Yang,
2001). The genes encoding these secreted signaling mole-
cules are regulated by the same transcription factors that
promote RGC differentiation (Fig. 6).
As RGCs differentiate, a general repression of gene
activity mediated by NRSF/REST must be overcome.
NRSF/REST repression appears to be imposed on RGC-
specific genes that function at different levels in the net-
work, suggesting a highly integrated mechanism is in place
to repress large numbers of neuronal genes in RPCs (Fig.
6). NRSF/REST-mediated repression may be a common
feature of RPCs as they advance in competence during
retinogenesis; as retinal cell types are born, genes associated
with each cell type must be released from general
repression.
Our results greatly extend previous studies on the role of
Math5 in the developing retina and provide a more
comprehensive picture of the complex gene regulatory
network associated with RGC formation. Obviously, we
are far from a complete understanding and many key steps
remain ill defined. One important objective is to identify the
factor(s) that distinguishes a math5-expressing progenitor
cell that can advance to a RGC fate from a math5-
expressing cell that cannot.Acknowledgments
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